Tremendous progress has been made in identifying the events responsible for recognizing and repairing DNA double-strand breaks (DSBs) 1 . A complex aspect of this response is homology-directed DNA repair (HDR), which can involve numerous possibilities to capture homologous regions of the genome to use for templated DNA synthesis and repair. The detailed order of molecular events that ensues after the initial sensing of DSBs to allow the execution of homology-directed synthesis remains enigmatic. Specifically, how the DNA damage response coordinates productive interactions between DNA replication complexes to perform break-induced DNA synthesis has not been extensively demonstrated in mammalian cells. ALT is a clinically relevant example of a DNA repair pathway that requires homology-directed synthesis to maintain telomeres in ~ 10-15% of human cancers 2, 3 . Additionally, such synthesis could represent an attractive therapeutic target against cancers, especially if it proves to be different from canonical S-phase replication.
Tremendous progress has been made in identifying the events responsible for recognizing and repairing DNA double-strand breaks (DSBs) 1 . A complex aspect of this response is homology-directed DNA repair (HDR), which can involve numerous possibilities to capture homologous regions of the genome to use for templated DNA synthesis and repair. The detailed order of molecular events that ensues after the initial sensing of DSBs to allow the execution of homology-directed synthesis remains enigmatic. Specifically, how the DNA damage response coordinates productive interactions between DNA replication complexes to perform break-induced DNA synthesis has not been extensively demonstrated in mammalian cells. ALT is a clinically relevant example of a DNA repair pathway that requires homology-directed synthesis to maintain telomeres in ~ 10-15% of human cancers 2, 3 . Additionally, such synthesis could represent an attractive therapeutic target against cancers, especially if it proves to be different from canonical S-phase replication.
Telomere breaks stimulate long-tract synthesis
To study homology-directed synthesis at ALT telomeres, we developed a bromodeoxyuridine (BrdU) pulldown approach to isolate and quantify nascent telomeres synthesized following telomere-targeted DSBs generated by the fusion of the Shelterin component TRF1to the FokI endonuclease (Fig. 1a) . Using stable ALT-positive U2OS cell lines expressing TRF1-FokI under tetracycline-control, a 2-h damage induction with wild-type TRF1-FokI, but not the FokI(D450A) nuclease-null mutant, resulted in a ~ 10-fold increase in nascent telomere synthesis in asynchronous and G2-enriched cells (Fig. 1b, c and Extended Data Fig. 1a-g ). Concurrent synthesis of nascent C-and G-rich telomere strands was evident from 1 h post-induction and became maximal at ~ 2 h (Fig. 1d) . Nascent Alu repeat DNA was not increased by TRF1-FokI expression, demonstrating the specificity of break-induced telomere synthesis (Fig. 1d) .
To understand the nature of individual DNA synthesis events, we adapted the single-molecule analysis of replicated DNA (SMARD) technique for studying break-induced telomere synthesis 4, 5 . After induction of TRF1-FokI, U2OS cells were sequentially incubated with iododeoxyuridine (IdU) and chlorodeoxyuridine (CIdU), genomic DNA was digested, and telomere fragments were isolated on the basis of size (Fig. 1e) . The percentage of telomeres with IdU/CIdU incorporation increased with the duration of TRF1-FokI induction (Fig. 1f, g ). Break-induced telomere synthesis proceeded in a unidirectional fashion, often to the end of the telomere fragment. Nascent telomere tracts ranged in length from 5 to 70 kilobases (kb), with a median value of 19.8 kb (n = 46) that matched the median length of the overall telomere fibres observed (20.1 kb; n = 45) (Fig. 1h) . Furthermore, ~ 80% of nascent telomere fragments were completely labelled and ~ 98% of nascent fragments had label on at least one of the ends. Taken together, these data suggest that DSBs at ALT telomeres induce long-tract telomeric DNA synthesis. As a complementary approach, BrdU immunofluorescence at telomeres provides a means to assess spontaneous synthesis of ALT telomeres. Cell lines that utilize ALT, but not telomerase, displayed elevated BrdU incorporation at telomeres in a pattern distinct from S-phase replication (Extended Data Fig. 2a, b, d ), consistent with previous reports 6 . TRF1-FokI expression increased analogue incorporation at ALT telomeres in interphase and metaphase cells (Extended Data  Fig. 2c, e) , suggesting that telomere damage may be an initiating event for spontaneous ALT telomere synthesis 7 . Expanding on our observations, we generated a panel of TRF1-FokI inducible lines from cells that either utilize ALT (U2OS, VA13, SKNFI) or telomerase (HeLa 1.3, HeLa S3, 293T) for telomere maintenance. Notably, all lines showed evidence of break-induced telomere synthesis by BrdU pulldown upon induction with TRF1-FokI (Extended Data Fig. 3a-c) . This holds true not only across telomere maintenance mechanism, but also regardless of ATRX status, overall telomere length differences, and cell type (Extended Data Fig. 3a) . Notably, a recent study provided evidence that replication stress can activate ALT mechanisms in primary and telomerase-positive cells [9] [10] [11] [12] [13] [14] [15] . Rad51, together with the Hop2-Mnd1 heterodimer, localize to ALT-associated PML bodies (APBs) and facilitate long-range telomere movement and clustering in ALT cells 7, 16, 17 . Cells lacking Hop2 from CRISPR-Cas9-mediated excision showed reduced telomere clustering, APB formation, and telomere exchanges in ALT-positive VA13 cells (Extended Data Fig. 4a-f ). ATR is a damage-sensing kinase that signals replication stress and is important for ALT telomere integrity and cell survival 18 . Disruption of ATR and Chk1 signalling by knockdown and small-molecule inhibitors reduced Hop2 recruitment to telomeres after TRF1-FokI induced damage, whereas ATM disruption had no effect (Fig. 2a) . Similarly, ATR knockdown restricted telomere mobility after TRF1-FokI induction in U2OS cells (Fig. 2b) , thus implicating ATR and Rad51-Hop2 as critical for ALT telomere mobility.
We next asked whether ATR and Rad51-Hop2 are required for break-induced telomere synthesis. Surprisingly, ATR, Rad51, and Hop2 were all dispensable for synthesis. Conversely, knockdown of each gene paradoxically increased levels of nascent telomeres, which held true over an 8-h time course (Fig. 2c, Extended Data Fig. 5a ).
Similarly, spontaneous ALT telomere synthesis did not require Rad51 (Extended Data Fig. 5e, i) . To investigate the long-term consequences of depletion of this pathway, we examined the telomere length of VA13 HOP2 CRISPR clones. All of the 6 clones lacked detectable Hop2 protein expression, with no telomere shortening observed at approximately population doubling (PD) 25 or longer time points (Extended Data Fig. 4g, h ). Collectively, this provides evidence for Rad51-independent mechanisms of mammalian break-induced telomere synthesis and ALT telomere maintenance. Although ATR regulates damage signalling, telomere integrity, and survival in ALT cells, our data suggest it is not an essential component of the break-induced replisome at telomeres.
Break-induced telomere synthesis requires Pol δ
We next surveyed the replisome dependencies of break-induced telomere synthesis. Replicative DNA polymerases Pol δ , Pol ε , and Pol α -primase were previously implicated in yeast break-induced replication 12, 19 . Pol δ , including the POLD3 and POLD4 accessory and POLD1 catalytic subunits, was required for break-induced telomere synthesis (Fig. 2d , e, Extended Data Fig. 5a, b, d ). Unexpectedly, Pol δ was required for synthesis of both C-and G-rich telomere strands, whereas Pol ε and Pol α -primase were dispensable as was the MCM2-7 replicative helicase (Fig. 2d, f) . Notably, depletion of POLD3 resulted 
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in ~ 2.5-fold less incorporation of IdU/CIdU in telomere fibres after TRF1-FokI-induced breaks (Fig. 2g) . POLD3 is also part of the Pol ζ complex involved in translesion synthesis [20] [21] [22] . However, the catalytic subunit of Pol ζ (REV3L) as well as the other translesion synthesis proteins Pol η (POLH) and REV1 were not needed for break-induced telomere synthesis (Fig. 2d, Extended Data Fig. 5c ). Therefore, the major function of POLD3 in break-induced telomere synthesis is through Pol δ . Notably, the requirements for break-induced telomere synthesis using TRF1-FokI faithfully recapitulate the requirements for spontaneous ALT telomere synthesis. Specifically, non S-phase telomere synthesis in three ALT lines required POLD3/Pol δ , but occurred independently of Pol ε , Pol α , and Pol ζ (Extended Data Fig. 5f-i) . Collectively, these data define a non-canonical replisome involved in ALT telomere synthesis.
RFC-PCNA is the initial sensor of telomere damage
Pol δ showed robust recruitment to TRF1-FokI damage sites in U2OS cells, whereas Pol ε , Pol α -primase, and MCM2-7 were present at much lower levels (Fig. 3a, Extended Data Fig. 6a, b) . POLD3 facilitates interaction of the Pol δ complex with the PCNA clamp for processive synthesis and strand displacement 23 . Notably, Pol δ has higher affinity for PCNA than does Pol ε , and PCNA is known to function in repair processes outside S-phase 24, 25 . Deletion of the PCNAinteracting peptide (PIP) box (Δ 456-466) of POLD3 disrupted its recruitment to damage sites (Fig. 3b) . Functionally, PCNA interaction with POLD3 facilitates recruitment of the whole Pol δ complex to damaged ALT telomeres (Extended Data Fig. 6c, d ). The RFC1-5 clamp loading complex was required for PCNA-POLD3 telomere localization, whereas the alternative clamp loader subunit, Rad17 was dispensable (Fig. 3c) . Furthermore, the entire axis consisting of RFC1-PCNA-POLD3 localized in an inducible fashion to ~ 90% of damaged ALT telomeres and was required for break-induced telomere synthesis (Fig. 3d, Extended Data Fig. 5h, 6e, f) .
Both PCNA and POLD3 showed ~ 10-fold increases in telomere localization by 30 min after induction with TRF1-FokI (Fig. 3e) . By contrast, Rad51 localization occurred more slowly and was maximal by 2 h after induction (Fig. 3e) . Peak telomere synthesis coincided with an increase in DSB signalling (Figs 1d, 3e) . Time-lapse imaging revealed that GFP-PCNA localized to TRF1-FokI damage sites soon after they became visible and before ALT telomere merging events (Fig. 3f , n = 20 cells). Consistent with PCNA loading being an early damage response, its localization was independent of proximal damage response factors ATR, ATM, MRE11, or homologous recombination proteins Rad51, Hop2, and BRCA2 (Fig. 3g) . Importantly, RFC1, PCNA, and POLD3 spontaneously localized to ~ 2-10% of telomeres specifically in ALT-positive cells, consistent with the presence of persistent damage at a subset of ALT telomeres 17 (Fig. 3h) . These data reveal that PCNA loading is the initial damage sensor at ALT telomeres, thus establishing a platform to assemble the break-induced replisome.
POLD3 is critical for ALT telomere maintenance
Pol32, the yeast homologue of POLD3, is required for recombination dependent survivors of telomerase defiency 12 . Transient knockdown of POLD3 decreased spontaneous ALT telomere synthesis and singletelomere-exchange events by chromosome orientation fluorescence in situ hybridization (CO-FISH), but had no immediate effect on C-circles or telomere length (Extended Data Figs 5f-i, 7a, b) . We investigated the consequences of prolonged POLD3 depletion on ALT telomere maintenance using CRISPR-Cas9 in U2OS cells. Although we were unable to generate surviving cells with complete loss of POLD3, we obtained 4 clones (c1-c4) with in-frame deletions and residual expression of POLD3 (Extended Data Fig. 7c-g ). Notably, all 4 clones had reduced levels of the entire Pol δ complex (Fig. 4a, Extended Data  Fig. 7g ), consistent with a stabilizing role for POLD3 (ref. 26). Clones c1-c3 displayed accelerated telomere shortening at ~ PD 25 compared to the empty guide control, whereas clone c4 had a more minor phenotype (Fig. 4b, Extended Data Fig. 7h, i) . Telomere length in 5 clones with normal POLD3 expression (c5-c9) was unchanged at ~ PD 25 (Extended Data Fig. 8a) . The telomere shortening observed in clones c1-c3 is greater than expected for cells lacking a telomere maintenance mechanism, representing a loss of ~ 800-1200 bp of telomeric repeats per cell division. However, telomeres did not continue to shorten over time in these clones. This is consistent with accelerated shortening and stabilization observed in other ALT lines in which telomere maintenance mechanisms have been partially impaired 27 . Additional U2OS POLD3 CRISPR clones from an independent guide RNA also displayed shortened telomeres compared to the parental line or clones derived from the same guide RNA that failed to exhibit reduced POLD3 expression, making it unlikely that the effects observed are due to clonal variation (Extended Data Fig. 8c) . Collectively, analysis of the mean telomere length of the 31 clones from both of the guide RNAs revealed a significant decrease in clones with reduced POLD3 expression compared to those with normal POLD3 expression (Fig. 4c) . In contrast, telomere length changes were not observed in 11 POLD3 CRISPR clones from telomerase-positive HeLa 1.3 cells (Extended data Fig. 8d-f) , suggesting an increased requirement of POLD3 for processive telomere synthesis during ALT.
U2OS POLD3 CRISPR clones accumulated increased numbers of telomere dysfunction-induced foci (TIFs) (Fig. 4d, Extended Data  Fig. 7i ). C-circles are another marker of telomere maintenance specific to ALT-dependent cells 28 . Clones c1-c3 had significantly decreased levels of C-circles that could be rescued by reconstituting wild-type POLD3, whereas clones c5-c9 did not display similar reductions (Fig. 4e, Extended Data Figs 7i-k, 8b ). These data are consistent with a partial disruption of ALT activity and telomere maintenance in clones c1-c3 (Extended Data Fig. 7i ). We propose that POLD3 is critical for the majority of nascent telomere synthesis during ALT and therefore underlies long-term telomere maintenance and ALT activity.
Discussion
Direct visualization of the dynamic process of ALT telomere recombination reveals that rapid RFC-mediated PCNA loading at damaged telomeres is the initial sensor of telomere damage, thus connecting DSB recognition with the assembly of a specialized replisome capable of executing break-induced telomere synthesis (Fig. 4f) . On the other hand, Rad51 and Hop2 loading and long-range homology searches occur more slowly and are dispensable for the bulk of homology-directed DNA synthesis at telomeres (Fig. 4f) . We postulate that PCNA can load at alternative structures with recessed 3′ -ends and preferentially recruit Pol δ owing to its higher affinity for PCNA compared with that of Pol ε
24
. In contrast to yeast break-induced replication, Rad51 and Pol α -primase were not required for break-induced telomere synthesis. A repertoire of Rad51-independent mechanisms available to damaged telomeres, such as intra-telomere annealing or association with extrachromosomal telomere repeats that are abundant in ALT cells may bypass the need for Rad51 and Pol α -mediated priming 3 . Persistent damage at ALT telomeres probably promotes Rad51 and other competing repair mechanisms with differing kinetics of homology-directed telomere synthesis 7, 17 (Fig. 4f) . We speculate that related processes are invoked at other vulnerable regions of the genome [29] [30] [31] [32] [33] . The unique characteristics that differentiate this mechanism from scheduled S-phase replication may facilitate a better understanding of how alternative repair mechanisms enable genome evolution and enhance cancer cell fitness.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. DNaseI (Roche) in 1× reaction buffer (20 mM Tris-HCl (pH 8.4), 2 mM MgCl 2 , 50 mM KCl in PBST) for 10-25 min at 37 °C in a humidified chamber. Coverslips were then washed and incubated with anti-BrdU antibody (BD) for 20 min at 37 °C followed by secondary antibody and telomere FISH. For metaphases, cells pulsed with BrdU were treated with 100 ng ml −1 colcemid for 90 min followed by 75 mM KCl for 30 min. Cells were fixed in 3:1 methanol:acetic acid, dropped onto slides, and allowed to dry overnight. Denaturation was performed with 2 N HCl for 30 min at room temperature followed by antibody incubations as described above. BrdU pulldown dot blot. BrdU pulldown was adapted from a published protocol 34 . Cells were pulsed with 100 μ M BrdU (Sigma) for 2 h before collection. Genomic DNA (gDNA) was isolated using phenol-chloroform extraction followed by resuspension in TE buffer. gDNA was then sheared into 100-300 bp fragments using a Covaris S220 sonicator. 1-4 μ g sheared gDNA was denatured for 10 min at 95 °C and cooled in an ice-water bath. Denatured gDNA was incubated with 2 μ g anti-IgG (Sigma) or anti-BrdU antibody (BD) diluted in immunoprecipitation buffer (0.0625% (v/v) Triton X-100 in PBS) rotating overnight at 4 °C. The next day, samples were incubated with 30 μ l Protein G magnetic beads (Pierce) that had been pre-bound to a bridging antibody (Active Motif) for 1 h rotating at 4 °C. Beads were subsequently washed three times with immunoprecipitation buffer and once with TE buffer. Beads were then incubated twice in elution buffer (1% (w/v) SDS in TE) for 15 min at 65 °C. Pooled eluate was cleaned with ChIP DNA Clean & Concentrator kit (Zymo). Samples, along with 10% inputs, were diluted into 2× SSC buffer, treated at 95 °C for 5 min, and dot-blotted onto an Amersham Hybond-N + nylon membrane (GE). The membrane was then denatured in a 0.5 N NaOH 1.5 M NaCl solution, neutralized, and ultraviolet crosslinked. The membrane was hybridized with 32 P-labelled (TTAGGG) 6 oligonucleotides, unless otherwise noted, in PerfectHyb Plus Hybridization Buffer (Sigma) overnight at 37 °C. The next day, the membrane was washed twice in 2× SSC buffer, exposed onto a storage phosphor screen (GE Healthcare) and scanned using STORM 860 with ImageQuant (Molecular Dynamics). All quantifications were performed in Fiji and normalized to 10% input.
Telomere single-molecule analysis of replicated DNA (SMARD). The SMARD assay was performed as previously described 4, 5 . U2OS cells were induced with TRF1-FokI for 20 min or 2 h and were subsequently labelled by incubating with 30 μ M IdU for 2 h, followed by 30 μ M CIdU for the next 2 h. After pulsing, 10 6 labelled cells per condition were embedded in 1% agarose and lysed using detergents (100 mM EDTA, 0.2% sodium deoxycholate, 1% sodium lauryl sarcosine and 0.2 mg ml −1 Proteinase K). The plugs were then washed several times with TE, treated with 100 μ M PMSF, and then washed again with TE buffer followed by incubation with 1× Cut-Smart buffer (NEB) for 30 min. The DNA in the plugs was then digested overnight at 37 °C using 50 U of both MboI and AluI (NEB) per plug. The digested plugs were then cast into a 0.7% low-melting point agarose gel and a distinct fragment running above 10 kb (containing telomeric DNA defined by Southern blotting) was excised, melted and stretched on slides coated with 3-aminopropoyltriethoxysilane (Sigma-Aldrich). After denaturation of the DNA strands using alkali buffer (0.1 M NaOH in 70% ethanol and 0.1% β -mercaptoethanol), the DNA was fixed using 0.5% glutaraldehyde and incubated overnight with biotin-OO-(CCCTAA) 4 locked nucleic acid (LNA) probe (Exiqon) at 37 °C. Telomere FISH probes were then detected using the Alexa Fluor 405-conjugated streptavidin (Thermo-Fisher) followed by sequential incubation with the biotinylated anti-avidin antibody (Vector Laboratories) and additional Alexa 405-conjugated streptavidin. IdU and CldU were visualized using mouse anti-IdU (BD) and rat anti-CIdU (Serotec) monoclonal antibodies followed by Alexa Fluor 568-goat antimouse and Alexa Fluor 488-goat anti-rat secondary antibodies (Life Technologies). Images were acquired using the NIS-element software (Nikon) and a Nikon eclipse 80i microscope equipped with a 63× objective and a Cool Snap camera (MYO). For calculating the length of the telomeres and replication tracts, the line-scan function from Image J was used. For conversion of microns to kilobases, as 10 bp (equals one turn of the helix) has a linear length of 3.4 nm, 0.26 microns corresponded to 1 kb of DNA. Plasmids, primers, siRNAs, and CRISPR sgRNAs. Death domain (DD)-Oestrogen receptor (ER)-mCherry-TRF1-FokI and Flag-TRF1-FokI constructs were cloned as previously described 7 . Doxycycline-inducible TRF1-FokI lines were generated using the Tet-On 3G system. Briefly, Flag-DD-ER-mCherry-TRF1-FokI was cloned into the pLenti CMV TRE3G Puro Dest vector, which was introduced into cells engineered to co-express the reverse tetracycline transactivator 3G (rtTA3G). N-terminal GFP-tagged proteins were generated by PCR amplification and ligation of cDNAs from the ProQuest HeLa cDNA Library (Invitrogen) into the pDEST53 (Invitrogen) mammalian expression vector. CRISPR lines were generated using a two-vector system (pLentiCas9-Blast and pLentiGuide-Puro). POLD3 reconstitution vector was generated by cloning POLD3 cDNA (RefSeq NM_006591.2) into the pOZ-N-Flag-HA retroviral vector followed by sitedirected mutagenesis of siRNA binding sites. Sanger sequencing of POLD3 CRISPR clones was performed on gDNA fragments cloned into a TOPO TA vector (Thermo Fisher).
Transient plasmid transfections were carried out with LipoD293 (Signagen), and siRNA transfections with Lipofectamine RNAiMax (Invitrogen) according to manufacturer's instructions. Analyses were performed 16 h after transfection of plasmids, and 72 h after siRNA transfection. All siRNAs were used at a final concentration of 20 nM.
The following primers were used for qRT-PCR: POLD3 primer set 1: 5′ -GAGTTCGTCACGGACCAAAAC-3′ , 5′ -GCCA GACACCAAGTAGGTAAC-3′ ; POLD3 primer set 2: 5′ -ACCAACAAGGAAACGAAAACAGA-3′ , 5′ -GG TTCCGTGACAGACACTGTA-3′ ;
The following siRNA sequences were used: Control siRNA (siCtrl): QIAGEN AllStars Negative Control siRNA; ATR siRNA (siATR): 5′ -AACCUCCGUGAUGUUGCUUGAdTdT-3′ ; ATM siRNA (siATM): 5′ -GCGCCUGAUUCGAGAUCCUdTdT-3′ ;
